Diamond-reinforced zinc sulphide composites have increased toughness as compared to that of pure zinc sulphide. While the mechanical properties of the composites are relatively insensitive to green state processing, the optical properties are greatly affected by the processing which governs the quality of diamond dispersion. Improved dispersion and hence good optical transmission have been achieved by shear mixing and by freeze milling.
Introduction
Zinc sulphide is an excellent far infrared transmitting material in the 8 12 ~tm band. In general, materials with strong chemical bonds exhibit good thermomechanical properties but poor infrared transmission, and materials showing good far infrared transmission possess weaker chemical bonds and poor mechanical properties [1] . For instance, a simple comparison in Table I made between ZnS, ZnSe and CdTe (three commonly used far infrared materials) shows that there is a conflict of interests between optical and mechanical properties in materials for far infrared application. There is an exception in this regards, i.e. diamond. Known for its excellent mechanical properties, diamond is also transparent to electromagnetic radiation up to radio wavelength [2] , which makes it an outstanding candidate for infrared transmission materials. Unfortunately, the utilization of bulk diamond is not practically feasible.
The drawbacks of these conventional far infrared materials led to the development of new engineering materials in the form of a composite with good optical as well as mechanical properties [3] . The introduction of second-phase inclusions into ceramics can raise the fracture energy of the material and hence result in a higher fracture toughness [4, 5J. For small 'compared with the wavelength of the incident light' dielectric spheres embedded in a matrix, if kr < < 1, then the scattering section, Qs, can be simplified to the following form [6] :
where k is the wavevector of the light incident on the sphere of radius r, and q, gm the dielectric constant of the inclusion phase and the matrix, respectively. It follows from Equation 1 that minimal scattering can be achieved by matching the refractive indices n(e = n 2) of matrix and inclusion and by reducing the inclusion size to a value significantly less than that of the wavelength of the incident radiation.
Diamond is transparent in the far infrared range and has a similar refractive index value to that of ZnS (see Table I ). Therefore it is an ideal candidate for reinforcing ZnS. Such composites with high fracture toughness can be made, but the optical properties depend strongly on the green state processing which determines the quality of diamond particle dispersion in ZnS matrix. On the other hand, the toughness appears to be relatively insensitive to the processing.
Experimental procedure

Material preparation
A high-purity ZnS powder (99.9%) with particle size in the submicrometre range was employed throughout the study. Diamond powders of various sources were tried, including Dubbeldee (DB), Dupont (DP), Diamond Unlimited (DU), and General Electric (GE).It was found that DB and DP diamonds were too rich in metallic impurities which caused a lot of absorption. GE diamond was found to be the most satisfactory and thereafter used in the present work. The particle size of as-received GE powder ranged from 0.01-1 #m.
Various techniques were applied to mix ZnS with diamond:hand mixing using an agate mortar and pestle; ultrasonic agitation plus magnetic bar stirring; shear mixing using a stomacher blender (Labblender 80, Tekmar); and freeze impact mixing using a freeze miller (6700 Freezer/Mill, Spex). This stage of green state processing proved to be very important because the quality of dispersion of diamond particles in the matrix depends on it.
The diamond-ZnS powder mixtures were hot-pressed in a bore die made of molybdenum or of TMZ under pressure of 200 MPa and in the temperature range 850-1000~ for 30 min. R.f. induction heating was used. Graphite foil was inserted to separate the specimen from the die material. The hot-pressing atmospheres were either reducing (high vacuum;Ar + 4% H2; He + 4% H2) or inert (Ar). No substantial difference in terms of the specimen quality was found among these atmospheres, although the He-H 2 mixture seemed to give slightly better results.
The final densities of the hot-pressed samples were no less than 99%theoretical. The as-hot-pressed discs were ground and polished for optical measurement and for mechanical testing. The finished specimens for optical measurement had a diameter of 11 mm with a thickness of 0.6-1 mm.
Infrared transmission measurement
Transmission of our hot-pressed samples were determined from 20 gm to a 2.5 gm using a double-beam grating-type spectrophotometer (Perkin Elmer). In order to reduce our measurement error, two different transmission spectra were measured and compared for each sample. The biggest source of error in our measurement is sample inhomogeneity; some samples, especially samples at earlier stages, showed about 10% variation of transmission if a small area of sample was used. To obtain an average value over various sample areas, a relatively large size beam (i.e. about 5mm diameter was used.
Fracture toughness measurement
The fracture toughness values of pure ZnS and composites of various diamond contents were determined using a micro-indentation technique [7, 8] . Vickers diamond pyramid indentations were made on polished specimens with a load range of 4-20 N. The indents and crack dimensions were measured to an accuracy of ~ 1 gm by a moving hairline in the microscope attached to the micro-hardness tester (Tukon, Wilson Instrument). The data were obtained on at least four indents for each load.
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3. Results and discussion 3.1. Optical transmission Fig. 1 shows infrared transmission spectra of pure ZnS (Curve A), 2 wt % diamond composite, and 10 wt % diamond composite (Curve C), for which the diamond and ZnS powders were hand mixed during green state processing. These specimens were hot-pressed at 900~ and at 200 MPa in vacuum. These were asmeasured transmissions which include reflection loss from two air-specimen interfaces (about 26%). Therefore, the pure ZnS actually gave an 100% transmission at 10gm wavelength (1000 cm-1). The composites, however, exhibited poor transparency even at 2% diamond level, and turned out to be completely black as the diamond content increased to 10 wt%. The curve of 2% diamond shows a characteristic of scattering loss. The absorption peak at 2350 cm-1 is probably due to CO 2 gas trapped in the sample. The poor optical properties of these composites are attributed to the poor dispersion of the diamond particles in the ZnS matrix in the hand mixing technique which is insufficient to break down agglomerates of diamond and ZnS, and in obtaining a homogeneous distribution of diamond particles in the matrix. This is evident from Fig. 2a which shows a scanning electron micrograph of a polished section of 10 wt % diamond composite (Sample C in Fig. 1 ). The pits and holes seen in the picture, some as large as 10 gm in dimension, were places from which diamond agglomerates spalled during polishing. These diamond agglomerates of size comparable to the wavelength, acted as multiple scattering centres and blocked the passage of the incident light.
To solve this problem, other mixing techniques were used to break down the agglomerates and to achieve better dispersion of diamond in ZnS. Ultrasonic mixing worked to some extent. Fig. 3 shows the improved results from ultrasonic treatment. Note the less steep slope for the 2% diamond composite as compared to that in Fig. 1 , indicating a reduced contribution from scattering. The shallow absorption peak at 2870 cm-: was from the C H bond, which can 
4000 Frequency (cm -1) Figure 1 Infrared transmitting spectra of ZnS with diamond content of (A)0, (B)2 wt%, and (c) 10 wt%. The diamond and ZnS powders were hand mixed during green state processing.
